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Abstract This paper performed a streamflow drought clima-
tology considering some of the most important rivers of
Southern South America, a region highly vulnerable to climat-
ic variations, based on the analysis of monthly streamflow
records. The standardized hydrological drought index
(SHDI) was used in order to depict the main characteristics
of droughts—number of drought events, mean duration, and
mean severity—over the period 1961-2006. Firstly, the suit-
ability of this index based on the two-parameter gamma dis-
tribution was evaluated, considering that the use of the SHDI
has been limited over the region. The regional aspects of
streamflow droughts were identified through a clear relation-
ship between drought frequency and its duration, indicating
different temporal variations in streamflow records over the
study area. Spatial patterns exhibit heterogeneous features in
terms of streamflow drought severity and can be associated to
the geographical characteristics of the basins. Observed trends
in the SSI are in line with the increases in precipitation totals
over the second half of the twentieth century over much of the
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study area. Nevertheless, drought conditions are observed
more often in the basins south of 40°S, in line with recent
trends in large-scale climatic oscillations. The streamflow
drought characteristics can provide critical values for different
water-based activities, as also information to develop strategic
plans that are needed for adequate water resource management
considering the different climatic features over Southern
South America.

Keywords Streamflow droughts - Temporal variability -
Water resources

1 Introduction

Extreme hydrometeorological events are one of the most cost-
ly disasters in Southern South America (SSA), a region that is
prone to experience prolonged drought events and flooding
episodes that can even generate human loses (Cavalcanti et al.
2015; Carril et al. 2016). Droughts are one of the least under-
stood natural disasters, with multiple regional aspects that
highlight the vulnerability of societies (Shiferaw et al. 2014;
Wilhite et al. 2014). Particularly, SSA experienced large-scale
droughts during the years 1962, 1965/1966, 1971/1972,
1988/1989, 1995/1996, and 2008/2009 (Rivera and Penalba
2014). The propagation of a precipitation deficit through the
hydrological cycle may eventually lead to hydrological
droughts, characterized by abnormally low streamflow in riv-
ers and low levels in lakes, reservoirs, and groundwater
(Feyen and Dankers 2009, Wong et al. 2013). The hydropow-
er generation, the fluvial transportation, the irrigation for ag-
ricultural activities, and the availability of water for human
have significant consequences in periods with hydrological
drought conditions. Within SSA, the La Plata Basin (LPB)
stands out as one of the largest basins in the world, with a
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hydropower generation that represents the 76% of the total
generated hydropower of Argentina, Bolivia, Brazil,
Paraguay, and Uruguay (Cuya et al. 2013). On the other hand,
small basins located over the semi-arid Central Andes, where
streamflows are mostly originated by snowmelt contributions
during the warm season, are the key for sustaining agricultural
oases that fed its almost 2.5 million inhabitants (Rivera et al.
2017a).

The knowledge about hydrological drought over SSA has
several gaps and uncertainties regarding the regional differ-
ences among the basins and the methodologies used to define
this extreme phenomenon. Hydrological drought indices were
based largely on streamflow, as this variable summarizes and
is the by-product of essentially every hydrometeorological
process taking place in watersheds and river basins (Heim
2002). In this sense, hydrological droughts are usually studied
through streamflow droughts, defined as periods where the
streamflow levels are below a predetermined truncation level.
Fernandez-Larrafiaga (1997) characterized streamflow
drought events in the central Chile in terms of several levels
of annual demand. This study was extended to the basins
located in the central-west region of Argentina (Fernandez
and Buscemi 2000) with similar results in terms of temporal
occurrences of streamflow droughts, in part as a consequence
of the role of snowmelt as regulator of streamflows over the
Central Andes. Diaz et al. (2016) defined a yearly threshold
and expanded the analysis to 14 basins in the central-west and
northwest regions of Argentina, identifying the occurrence of
multiannual droughts mainly during 1956-1976.
Nevertheless, as stated in Vicente-Serrano et al. (2012), given
the contrasting river regimes and flow magnitudes that can
occur among neighboring basins, the spatial comparison of
drought severity and the development of drought maps are
impossible when using the method of runs. Recent research
over SSA considered the seasonality of streamflows by using
annual indices based on the number of days with low flows
and its standardized cumulative deficit (Rivera et al. 2017a, b)
allowing to identify low-frequency variations of streamflow
drought characteristics and its relationship with climate vari-
ability over central-west Argentina and Patagonia.

During recent years, standardized drought indices have re-
ceived special attention due its multiple advantages over other
indices. Particularly, the standardized precipitation index (SPI,
McKee et al. 1993) has been recommended by the World
Meteorological Organization (WMO) as a reference drought
index that should be used by national meteorological and hy-
drological services worldwide to characterize meteorological
droughts (Hayes et al. 2011). The SPI has been adopted as an
operational drought monitoring tool by the national weather
services of Argentina (Servicio Meteorolégico Nacional),
Brazil (Instituto Nacional de Meteorologia), Chile
(Direccion Meteoroldgica de Chile), Paraguay (Direccion de
Meteorologia e Hidrologia), and Uruguay (Instituto Uruguayo
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de Meteorologia). McKee et al. (1993) suggested that usable
water sources to identify drought conditions include soil mois-
ture, groundwater, snowpack, streamflow, and reservoir
storage. Therefore, using monthly streamflow data as input,
Dehghani et al. (2014) proposed the standardized hydrological
index (SHDI) as a streamflow drought indicator to make spa-
tial and temporal comparisons over a wide variety of river
regimes and flow characteristics. Similar to the SPI, the
SHDI has a number of advantages, as its simplicity and flex-
ibility. The standardization process allows the comparison
among streamflows from different regions and basins.
Moreover, because of its normal distribution, the frequencies
of the extreme and severe droughts for any location and any
timescale are comparable (Dehghani et al. 2014). Few studies
used standardized indices to assess streamflow drought con-
ditions over SSA. Bianchi et al. (2017) used the standardized
runoff index (SRI, Shukla and Wood 2008) to identify rela-
tionships between the size of Llancanelo lake—located in
central-western Argentina—and the input streamflows over
its basin. Nufiez et al. (2014) analyzed the effect of
multidecadal variability on the applicability of the standard-
ized streamflow index (SSI, Vicente-Serrano et al. 2012) over
north-central Chile. On the other hand, the use of standardized
indices was widely applied in several regions of the world to
depict streamflow drought conditions, like in Italy (Solakova
et al. 2014), Spain (Vicente-Serrano et al. 2012), Iran (Tabari
etal. 2013), and UK (Barker et al. 2016, Svensson et al. 2017)
among others.

There is a lack of studies comparing streamflow con-
ditions on a regional perspective over SSA, a task that
needs to be performed considering appropriate methodol-
ogies and indices given the different streamflow regimes
over the region. In this sense, the objective of this re-
search is to broaden the application of the SHDI to some
of the largest basins over SSA in order to depict the main
characteristics of streamflow droughts over the region.
Considering the acceptability obtained by the SPI during
recent years over SSA, it is expected that the SHDI results
and its interpretability likely to be familiar to meteorolog-
ical and hydrological agencies, water managers, and sci-
entists focused on drought research and monitoring. An
assessment of streamflow drought characteristics over
SSA can provide critical values for different water based
activities, as also information to develop strategic short-
and long-term plans that are needed for adequate water
resource management. Understanding the temporal vari-
abilities of streamflow drought characteristics and its re-
gional patterns is relevant for decision-making processes
regarding water distribution for irrigation and human con-
sumption, hydropower generation, and environmental
flows. Given that the analyzed basins generate a large
proportion of the total hydroelectric power of Argentina,
Brazil, Paraguay, and Uruguay, it is expected that the
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results obtained regarding streamflow drought character-
istics and its different temporal variabilities have direct
application for water resources management over the
region.

2 Data and methods
2.1 Study area and data base

Monthly streamflow records from 53 gauging stations located
in SSA, between 18°S and 50°S (Fig. 1a), were obtained from
the Hydrological Data Base belonging to the Water Resources
Agency of Argentina (http://bdhi.hidricosargentina.gov.ar/)
and the CLARIS LPB Data Base (Penalba et al. 2014). The
study area comprises some of the main basins of Argentina,
Brazil, Chile, Paraguay, and Uruguay. There is a wide spec-
trum of climatic regions within SSA, arising from the long
meridional span of the continent and its prominent orography
(Fig. 1b), which led to diverse patterns of weather and climate
(Garreaud et al. 2009). These features are responsible for the
annual precipitation patterns (Fig. 1c) and drive the vast di-
versity of hydrologic characteristics over SSA. In this sense,
Table 1 shows some statistical—mean monthly streamflow
value, specific streamflow, coefficient of variation (cv), coef-
ficient of skewness (cs), lag-one correlation coefficient (p;)

—and geographical—location, altitude, area—characteristics
of the streamflow series. The diversity in the flow regimes is
evident in the cv values, ranging from 0.25 to 1.37. Moreover,
mean streamflow values range from less than 10 m*/s in small
semi-arid basins of Patagonia (Atlantic South Coast and
Negro Basin) and Central Andes (Colorado Basin) to over
18,000 m>/s over Parana river (LPB).

A common period between 1961 and 2006 was considered
to obtain the main features of streamflow droughts based on
data availability and quality. The need for data infilling was
minimal, given that the selected stations have less than 3% of
missing data. Several infilling methods were applied, depend-
ing on the size of the gap, the hydrological conditions at the
site when the gap occurred, and the availability of nearby
gauging stations, following the recommendations made by
World Meteorological Organization (WMO) (2008).
Additionally, a homogeneity control using the Standard
Normal Homogeneity Test (Alexandersson 1986) allowed to
identify inhomogeneities in 18 time series. These inhomoge-
neities were not corrected given that correspond to climatic
jumps and not to instrumental factors or data errors. This was
verified analyzing the spatial distribution of the dates of the
changes (not shown) and also comparing the results with pre-
vious findings over the studied area (Vich et al. 2014). It is
worthwhile to mention that, even when some regions over the
study area are characterized by an arid to semi-arid climate,

Fig. 1 a Location of the study a
area, its main basins, and the
spatial distribution of the
analyzed hydrological stations;
(b) the main orographic features
of the region; and (c) the mean
annual rainfall
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Table 1  Geographical characteristics of the selected stations and statistical properties of monthly streamflows
ID  River Station name Lat Lon Altitude Drainage Mean Specific cv cs 1
°S) (°W) (masl) area monthly streamflow
(km?) streamflow (I/s km?)
(m>/s)
Grande Furnas 20,67 46,30 540 25,650 94,9 3,7 0,67 146 0,73
Uruguay Salto Grande 31,38 58,08 11 36,827 5215,1 23,3 0,76 1,39 0,58
Las Canas Potrero del 27,40 65,97 1300 1000 38 3,8 096 241 057
Clavillo
4 Los Sosa RP N° 307 27,10 65,64 610 620 5,0 8,1 1,03 245 0,63
Km 19
5 Grande Agua Vermelha 19,86 50,36 350 139,000 2171,7 15,6 0,60 1,26 0,76
6 Paranaiba Emborcacao 18,47 47,93 530 29,300 485,0 16,6 0,76 1,58 0,71
7 Alegre Sao Simao 18,83 50,43 330 171,000 2527,7 14,8 0,63 1,24 0,76
8 Paranapanema Capivara 22,66 51,34 285 85,000 1206,8 14,2 0,61 2,68 0,52
9 Iguaza Salto Osorio 25,54 53,03 330 55,000 1136,5 20,7 0,75 2,44 0,48
10 Uruguay Ita 27,28 52,38 265 44,500 1115,1 25,1 0,84 2,55 046
11 Bermejo Aguas Blancas 22,73 64,36 405 4850 93,7 19,3 1,15 1,94 0,61
12 Pescado Cuatro Cedros 22,80 64,48 450 1700 51,8 30,5 1,16 2,00 0,61
13 Pilcomayo La Paz 22,38 62,52 230 96,000 208,6 2,2 1,32 239 0,62
14  Bermejo Pozo Sarmiento 23,22 64,20 327 25,000 392,5 15,7 1,19 2,15 0,61
15  de los Patos Alvarez 31,92 69,70 1923 3710 20,5 55 1,03 2,53 0,79
Condarco
16  de los Patos La Plateada 31,86 69,66 1870 8500 472 5,6 1,15 3,14 0,79
17  San Juan KM 47,3 31,52 68,94 934 25,670 61,0 2,4 0,87 3,00 081
18 Atuel La Angostura 35,10 68,87 1302 3800 36,7 9,7 0,55 1,88 0,80
19  Cuevas Punta de Vacas 32,87 69,77 2406 680 7,1 10,4 0,87 2,83 081
20  Mendoza Guido 32,92 69,24 1408 8180 46,9 5,7 0,79 2,12 0,79
21 Salado Cafiada Ancha 35,20 69,78 1680 810 11,0 13,6 099 2,87 0,78
22 Tunuyan Valle de Uco 33,78 69,27 1199 2380 29,8 12,5 0,80 1,92 0,80
23 Vacas Punta de Vacas 32,85 69,76 2400 570 4,7 8,2 0,91 3,15 0,75
24 Colorado Pichi Mahuida 38,82 64,98 122 22,300 129,5 58 0,71 1,81 0,79
25 Manso Los Alerces 41,37 71,75 700 750 45,6 60,8 0,54 0,92 0,58
26 Manso Los Moscos 41,35 71,64 795 580 34,8 60,0 0,52 0,95 0,57
27 Negro Primera 40,46 63,79 32 95,000 789,7 8,3 0,53 094 0,78
Angostura
28 Quemquemtreu Escuela N° 139 41,90 71,50 409 650 9.4 14,5 0,57 1,28 0,63
29  Chico Cerro Mesa 41,71 70,48 747 3404 7,8 2,3 1,37 2,83 0,66
30  Colorado Buta Ranquil 37,08 69,75 850 15,300 153.,5 10,0 0,76 191 0,78
31  Neuquen Paso de Indios 38,53 69,41 498 30,843 304,9 9,9 0,74 097 0,67
32 Chimehuin Naciente 39,79 71,21 875 790 65,6 83,0 0,60 0,76 0,67
33 Agrio Bajada del Agrio 38,37 70,03 660 7300 76,6 10,5 0,70 1,04 0,67
34 Carrenleufu La Elena 43,68 71,30 783 1500 33,6 22,4 0,40 0,60 0,67
35  Carrileufi Cholila 42,50 71,54 532 580 49,3 85,0 0,51 1,89 041
36  Chubut El Maiten 42,10 71,17 680 1200 20,0 16,7 0,71 1,16 0,59
37  Chubut Los Altares 43,89 68,40 275 16,400 48,7 3,0 0,88 1,55 0,67
38 Gualjaina Gualjaina 42,61 70,38 480 2800 14,8 5,3 0,93 1,61 0,64
39 Fontana Estancia 42,99 71,56 627 47 1,5 31,9 0,73 1,65 0,55
Amancay
40  Paraguay Puerto 25,42 57,65 63 800,000 3706,1 4,6 0,52 124 0,89
Pilcomayo
41 Santa Cruz Charles Fuhr 50,25 71,91 206 15,550 703,0 452 0,51 0,69 0,83
42 Parana Tunel Subfluvial 31,72 60,52 17 2,302,000  15,198,3 6,6 0,29 0,70 0283
43 San Javier Helvecia 31,10 60,08 21 21,668 743,6 343 0,89 291 0,81
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Table 1 (continued)

ID  River Station name Lat Lon Altitude Drainage Mean Specific cv cs p1
°S) (°W) (masl) area monthly streamflow
(km?) streamflow (I/s km?)
(m>/s)
44 Parana Timbues 32,66 60,73 12 2,346,000  16,906,2 7,2 025 0,16 086
45  Sistema La Guardia 31,63 60,68 17 26,587 13553 51,0 091 340 081
Settibal

46  Uruguay Paso de los 29,72 57,08 40 189,000 45935 243 0,78 1,65 0,56

Libres
47  Parana Corrientes 27,48 58,83 52 1,950,000  18,180,4 9,3 036 1,56 0,78
48  Parana Itati 2727 58,24 59 1,600,000  13,359,5 8,3 034 1,54 0,74
49  Grande Ume Pay 32,22 64,73 620 762 11,3 14,8 1,01 1,94 0,58
50  Tiete Nova 21,12 50,25 325 70,500 805,8 11,4 0,60 1,87 0,66

Avanhandava
51  Parana Itaipu 25,40 54,60 110 820,000 11,2423 13,7 043 096 0,75
52 Iguaza Uniao da Vitoria 26,23 51,08 750 24,000 509,2 21,2 0,75 221 0,50
53 Paraguay Porto Murtinho 21,70 57,89 77 600,000 24229 4,0 046 0,72 093

cv coefficient of variation, cs coefficient of skewness, p; lag-one correlation coefficient

none of the analyzed rivers are intermittent or ephemeral,
which guarantees a proper definition of drought events based
on the SHDL

2.2 Standardized hydrological drought index (SHDI)

Several standardized indices were developed during recent
years considering streamflow data as input variable (e.g.,
Standardized Runoff Index(SRI), Shukla and Wood 2008;
Streamflow Drought Index (SDI), Nalbantis and Tsakiris
2009; Standardized Inflow Index (SQI), Amor et al. 2009).
In order to define the streamflow drought occurrences, we
used the SHDI (Dehghani et al. 2014), a widely used index
being an extension from the SPI to depict hydrologic aspects
of drought. In this sense, the SHDI quantifies the number of
standard deviations that the streamflow deviates from the cli-
matological average of a location, by transforming monthly
streamflows into z-scores. The procedure for calculating the
SHDI is analogue to the SPI; therefore, the selection of a
suitable probability density function that adequately fit the
monthly streamflows summed over the time scale of interest
is a key aspect in the calculation. This is performed separately
for each month of the year and for each location in space. Each
probability density function is then transformed into the stan-
dard normal distribution (1 = 0, 0 = 1) (Lloyd-Hughes and
Saunders 2002). In this study, the SHDI was calculated on
time scale of 1 month; nevertheless, the index can be calcu-
lated on any time scale, i.e., accumulating streamflow monthly
data over 1, 3, 6, 12, or 24 months. The reader can found a
detailed description of the calculation of the SPI in Lloyd-
Hughes and Saunders (2002), changing precipitation with
streamflow as input data to obtain the SHDI. Given that no
ephemeral or intermittent rivers were considered for the

streamflow drought assessment, there is no need to include
the relative frequency of streamflow containing zero values
for the cumulative density function, a procedure that is com-
mon when analyzing precipitation data.

2.3 Distribution fitting

The first step in calculating the SHDI is to determine a prob-
ability density function that describes the long-term time se-
ries of streamflow observations. Generally, streamflow may
possess a skewed probability distribution which can well be
approximated by the family of the gamma distribution func-
tions (Nalbantis and Tsakiris 2009). Table 1 confirms that all
the selected rivers have positive cs, suggesting that the two-
parameter gamma (GA) distribution could be adequate over
the study area. Shukla and Wood (2008) showed that the GA
distribution performed well fitting streamflow records over
the USA, highlighting a better performance for low runoff
values in comparison with the two-parameter lognormal dis-
tribution. Dehghani et al. (2014) compared five different prob-
ability distributions—normal, lognormal, exponential, GA,
and log-gamma—showing that among all functions gamma
showed the best fit. In this sense, given the different
hydroclimatic features over SSA, a proper evaluation of the
suitability of the GA distribution is necessary prior to the
calculation of the SHDI. At this point, it is worthwhile to
clarify that we are not intended to make a comparison among
different probability distributions, a task that was correctly
performed by Vicente-Serrano et al. (2012) and Nuiez et al.
(2014), among others. In this sense, any probability distribu-
tion used is no more than an approximation to the observed
streamflow data, and there is no single distribution that “best”
fit the population of monthly streamflows at all stations.
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Therefore, considering this simplification, we fitted the
GA distribution to the monthly streamflow values and
evaluated its suitability through the Anderson-Darling
goodness-of-fit test (AD, Anderson and Darling 1952)
for a confidence level of 95%. This test used a test statis-
tic of the sum of squares of the differences between the
empirical and theoretical distribution functions with a
weight function that emphasized discrepancies in both
tails (Shin et al. 2012). Several papers showed the su-
premacy of AD test against other typical tests as Cramer
von Mises or Kolmogorov-Smirnov given its sensitivity to
the differences in the tails of the distribution (Stephens
1976; Laio 2004; Shin et al. 2012), something that needs
to be considered when extreme events are under analysis.
We consider that at least 8 months of the year have to
exhibit significant fits to the GA distribution in order to
use the streamflow series to calculate the SHDI.
Moreover, after the calculation of the SHDI, we analyzed
if the selection of the GA distribution resulted in normally
distributed SHDI series after the equi-probability transfor-
mation. This was assessed also through the AD test.

2.4 Streamflow drought definition

A streamflow drought event was defined as the period when
SHDI values are below —1.0, which means that streamflow
departures from average conditions exceed one standard devi-
ation. This allowed the identification of the onset and end of
the drought event and other commonly used statistics, as (i)
the number of drought events (NDE), (ii) the mean drought
duration (MDD, average duration of all drought events), and
(iii) the mean drought severity (MDS, average SHDI values of
all drought events). Three drought categories are usually used
for streamflow drought assessment, based on the categories of
the SPI (Lloyd-Hughes and Saunders 2002): moderate
drought (—=1.5 < SHDI < —-1.0), severe drought
(2.0 < SHDI < —1.5), and extreme drought (SHDI < —2.0).
The selection of these thresholds is in line with recent research
based on streamflow records (Dehghani et al. 2014, Barker
et al. 2016, Rangecroft et al. 2016) and will help to compare
the results obtained considering meteorological drought as-
sessment based on the SPI over SSA (e.g., Penalba and
Rivera 2016).

2.5 Trends in the SHDI

The non-parametric Mann-Kendall statistical test has been
recommended by the WMO to detect trends in hydrolog-
ical time series, given that it is easy to calculate, insensi-
tive to missing values, and it is able to identify any trend
in a time series without specifying whether the trend is
linear or non-linear (Wu et al. 2007a). Nevertheless, the
limitations of this trend test are associated with the fact
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that it was originally designated for uncorrelated data, and
most of the hydrometeorological variables exhibit
significant serial correlation. Kulkarni and Von Storch
(1995) reported that even a small serial correlations cause
severe malfunctions of the Mann-Kendall test, increasing
the probability of detecting a significant trend when actu-
ally none exist. In order to account for the presence of
serial correlation, we applied the modified Mann-Kendall
(MMK) test Hamed and Rao (1998) to identify trends in
the SHDI time series. This decision is supported by the
large values in the p; (Table 1), which indicates a strong
short-term persistence in the streamflow time series. The
MMK test has been widely applied to detect the presence
of trends in hydrometeorological time series (Andreadis
and Lettenmaier 2006; Khaliq et al. 2009; Sousa et al.
2011; Zhang et al. 2012; Zhu et al. 2016). A detailed
description of the test can be found in Hamed and Rao
(1998). The statistical significance of upward/downward
trends is evaluated at 90, 95, and 99% confidence levels.

3 Results
3.1 SHDI distribution fitting

From the 636 goodness-of-fit tests—12 months multiplied by
53 gauging stations—more than 82% of the cases showed
significant fits to a GA distribution. The spatial distribution
of the number of months with significant fits for each station
shows a heterogeneous pattern (Fig. 2a). This characteristic
typically differs from the results that can be obtained through
the SPI, given that non-significant GA distribution fits tend to
be located over arid to semi-arid regions where several months
with zero precipitation values are recorded (Lloyd-Hughes
and Saunders 2002; Wu et al. 2007b; Penalba and Rivera
2013). The annual cycle of the percentage of stations with
significant fits to the GA probability distribution is shown in
Fig. 2b. March and April are the months with higher failure
(> 25%), attributed to the stations of Colorado Basin and
Patagonia (Negro Basin, Atlantic South Coast and Central
Patagonia), respectively. On the other hand, January and
December show rejection rates lower than 10% (Fig. 2b). As
mentioned in previous section, we decided to remove from the
analysis the stations with less than 8 months with significant
fits to the GA distribution, which resulted to discard the fol-
lowing stations marked with black squares in Fig. 2a: Furnas,
Agua Vermelha, Bajada del Agrio, Charles Fiihr, Itati, Ume
Pay, and Nova Avanhandava (see Table 1 for details). After
discarding these time series, the significant fits increased to
87%, showing the suitability of the GA distribution in repro-
ducing the monthly streamflow totals over SSA. Once the
time series of SHDI were obtained, we analyzed for each
month and station if the equi-probability transformation
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resulted in normally distributed SHDI series. After this proce-
dure, we obtained a spatial pattern similar to Fig. 2a, with an
average rejection lower than 13% and a monthly distribution
of significant fits more homogeneous (not shown). As an ex-
ample of what kind of results can be expected by trying to
obtain the SHDI using monthly streamflow time series that
does not fit properly to a GA distribution—or whatever prob-
ability distribution selected—Fig. 2¢ illustrates the fit obtained
from data of January from Santa Cruz river (station 41, see
Table 1 for details). The points ideally have to follow the
straight line of the center to guarantee a proper fit to a normal
distribution. Nevertheless, several streamflow values are dis-
tributed outside the 95% confidence intervals, leading to a
non-significant fit, evident in higher AD value and a p value
lower than 0.05. As a result of this assessment, 46 stations will
be used to calculate the streamflow drought characteristics
based on the SHDI.

3.2 Streamflow drought characteristics

The streamflow drought characteristics, i.e., number of
drought events, mean drought duration, and mean drought
severity, for the SHDI obtained with the 46 selected sta-
tions during 1961-2006 are shown in Fig. 3. The NDE
ranges from 20 to 50, indicating that there are regions
where streamflow droughts are recorded approximately
every year. Stations with larger NDE are located mostly
over the eastern part of LPB—Uruguay river and upper
Parana river—and over the northwestern portion of
Argentina. Lower values in the NDE are distributed along
Colorado Basin stations, lower and middle Parana river
and Paraguay river (Fig. 3). The stations located south
of 40°S show a heterogeneous pattern, with over 30
streamflow drought events in average for the 46 years of
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study. The MDD values indicate that streamflow droughts
usually last between 1 and 8 months, depending on the
region considered. As previously shown in regional stud-
ies based on the threshold level method (Rivera et al.
2017a, b), there is an indirect relationship between
drought frequency—NDE—and its duration: The stations
with more (less) number of streamflow drought events
have short (large) mean duration. This relationship indi-
cates that higher-frequency variabilities are dominant in
the time series of SHDI over eastern part of LPB, the
northwestern portion of Argentina and some rivers of
Patagonia region in comparison with the SHDI time series
over the rivers belonging to Colorado Basin and Parana
and Paraguay rivers, which are characterized by lower-
frequency variations. This is further illustrated in Fig. 4,
where the SHDI time series of stations Alvarez Condarco
and Paso de los Libres are shown. There are two factors
that might contribute to the observed difference. One fac-
tor is that over eastern LPB annual precipitation cycle is
not very marked. This is due to both convective activity in
summer and winter precipitation as a result of transient
activity that lead to a maximum of precipitation over
Southern Brazil and Uruguay (Vera et al. 2002) and also
due to the significant frequency of cyclogenesis during
winter and spring (Gan and Rao 1991). These factors in-
fluence precipitation over LPB on intra-seasonal to sea-
sonal time scales and contribute to the behavior observed
in the SHDI, although interannual variations associated
with El Nino-Southern Oscillation are also relevant
(Penalba and Rivera 2016). The other factor may be as-
sociated with the interannual and interdecadal variations
of the snowmelt contribution to streamflow in Colorado
Basin and some basins south of 40°S (Masiokas et al.
2006). This effect can be responsible for the low-
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Fig. 3 Streamflow drought indicators for the selected stations: (/eff) number of drought events, NDE, in the period 1961-2006; (center) mean drought
duration (MDD) (in months), and (right) mean drought severity (MDS) (in SHDI values)

frequency fluctuations observed in the SSI time series
from station Alvarez Condarco, although for Patagonian
basins rainfall plays a relevant role in modulating
streamflow.

Regarding the streamflow drought severity, lower severity
values are observed over Colorado Basin and in the eastern
part of LPB. Conversely, larger MDS values are present in the
rest of the LPB and in most of the rivers of Patagonia (south of
40°S) (Fig. 3). The MDS spatial distribution seems to be un-
related to either the NDE or the MDD, although when consid-
ering the accumulated severity, i.e., sum of the departures
from the —1.0 threshold, large MDD can be attributed to large
accumulated severity, i.e., large cumulative deficit volume.

Comparing this streamflow drought climatology with the
climatology of meteorological droughts for SSA based on the
SPI (Rivera 2014), larger NDE with shorter MDD were iden-
tified considering meteorological droughts, i.e., based solely
on precipitation data. This indicates that not all meteorological

drought events will eventually lead to streamflow drought
conditions, as suggested by Wong et al. (2013). Moreover,
streamflow droughts have longer mean duration than meteo-
rological droughts, due to the combined effect of pooling and
lengthening (Hisdal and Tallaksen 2003).

3.3 Temporal evolution of streamflow droughts

The amount of stations with SHDI values corresponding to
streamflow drought conditions can be used to quantify the
spatial extension of drought events. In this sense, Fig. 5 shows
the temporal evolution of the stations with SHDI <—1.0 on a
monthly basis during 1961-2006. A clustering of the dry pe-
riods is evident during the 1960s until 1973, with the largest
spatial extension of streamflow drought conditions recorded
between 1968 and 1970. The highest amount of affected sta-
tions of the whole period was recorded in June 1968, with 38
stations with streamflow drought conditions, 23 of them under

N pg Pt A)

de los Patos river (15)

Fig. 4 SHDI time series of de los 4

Patos river at Alvarez Condarco

(station 15) and Uruguay river at 2 4

Paso de los Libres (station 46) M
2o
»

_waw Www W

WM /\'\VAMN'\VM

B L s e e e e o L e e s e e L B e o e e e e B B s e s

1961 1966 1971

1976 1981 1986 1991 1996 2001 2006

Mg Ty

44—

L m, l.un ) mu

Uruguay river (46)

Lll“n. TRl ‘lh A“
it W'

VY 'l ks "

’Wl ”

1966

1961 1971

@ Springer

1976

1981

1986

1991

1996

2001 2006
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severe drought conditions. Moreover, 13 stations reached ex-
treme drought conditions during October 1968 (not shown).
Other relevant dry periods were recorded during the second
half of 1980 decade and between 1996 and 2001, being
December of 1999 the second month with the largest amount
of affected stations (29 stations, 11 under severe streamflow
drought conditions). The spatial extension of streamflow
droughts was considerably higher during the 1960s, with
25 months from a total of 34 months (1961-2006) with at
least 20 stations under drought conditions. This result resem-
bles the spatial pattern identified by Rivera and Penalba
(2014) considering the percentage of meteorological stations
affected by drought conditions (SPI < — 1.0).

The monthly sum of simultaneously affected stations
enables the identification of the large events and their
durations, but does not show the regional patterns of
streamflow drought and its severity. The spatial extension
of the drought periods recorded in June 1968 and
December 1999 is shown in Fig. 6 to exemplify the re-
gional drought patterns and its severity during the two
most widespread drought months. During June 1968, only
three stations reached extreme streamflow drought condi-
tions, located over Southern LPB; nevertheless, 23 sta-
tions reached severe conditions, distributed along most
of the analyzed basins. Particularly, the stations from
Colorado Basin recorded prolonged drought conditions
during the years 1967 to 1971 due to a lack of snowfall
over the Central Andes (Rivera et al. 2017a). The spatial
distribution of stations with streamflow drought condi-
tions during December 1999 shows that the affected ba-
sins are located mostly over Patagonia and LPB (Fig. 6).
Most of the stations of Colorado Basin recorded mild
drought conditions, not reaching the threshold selected
to define drought conditions. Stations under severe
drought conditions are located mostly over Patagonia,
where the large annual number of days with low
streamflows was recorded during 1999 (Rivera et al.
2017b) and hydropower generation was largely affected.
Dry conditions over most of LPB was associated to the
occurrence of one of the largest La Nifa event of the

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

1976 1981 1986 1991 1996 2001 2006

century that lead to a precipitation decrease over the re-
gion (Zanvettor and Ravelo 2000).

Regarding trends in the SHDI time series, Fig. 7 shows that
the majority of the stations presented positive trends, most of
them significant at a 99% confidence. Trends are in line with
precipitation increases over SSA, specially during the 1980s
and 1990s, as a consequence of an increase in regional pre-
cipitation due to a large number of El Niflo years in compar-
ison with the 1960s and 1970s (Penalba and Rivera 2016) and
a decrease in the mean meridional gradient of temperature,
which implies a displacement to higher latitudes of the
Atlantic Subtropical High (Barros et al. 2000). Moreover, part
of these trends can be attributed to land use change over LPB
since 1970, as shown previously by Doyle and Barros (2011).
As aresult of the SHDI trends, an increase in the hydropower
generation was evident since 1970s in all the countries of
SSA. Negative trends in the SHDI are confined mostly to
the Patagonian basins (Pacific and Atlantic basins, Negro
Basin, and Central Patagonia basins). These trends can be
linked with the trend towards a positive phase of the
Southern Annular Mode (SAM, Marshall 2003). This pattern
led to an increase in the pressure in mid-latitudes (around
40°S) and a decrease in the pressure at high latitudes (around
65°S). The trend in the SAM is associated with a southward
shift in the storm tracks, which led to a decrease in the number
of cyclones over the Southern Hemisphere and a rainfall de-
crease, i.e., leading to more frequent streamflow drought
conditions.

4 Conclusions and discussion

This work analyzed the statistical properties of the
streamflows over Southern South America (18°S to 50°S) in
terms of the occurrences of streamflow droughts, using the
Standardized Streamflow Index as a drought indicator over
46 monthly streamflow time series covering 46 years (1961—
2006). The SHDI was selected given that it is a natural exten-
sion of the well-known SPI, retaining its advantages in terms
of simplicity, based only on streamflow data, and versatility
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Fig. 6 Spatial distribution of the
streamflow drought categories
during June 1968 (leff) and
December 1999 (right)
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can be calculated on any time scale. Another key advantage is
that SHDI and SPI are similar which eases the conjunctive
analysis of meteorological and hydrological droughts
(Dehghani et al. 2014). Previous studies over SSA typically
used streamflow anomalies (Scarpati et al. 2001;
Compagnucci and Araneo 2005), streamflow expressed as
percentage deviations from the mean (Kane 2005) or the
threshold level methodology on yearly (Fernandez-
Larranaga 1997; Fernandez and Buscemi 2000; Diaz et al.
2016) and daily basis (Vich et al. 2010; Rivera et al. 2017a,
b) to analyze streamflow drought conditions. In this sense,
besides local studies (Nufiez et al. 2014 and Rangecroft et al.
2016 in north-central Chile; Bianchi et al. 2017 in central-
western Argentina), the use of standardized indices as a re-
gional streamflow drought indicators is novel over SSA.
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Fig. 7 Spatial distribution of the SHDI trends during the period 1961—
2006
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The initial—and probably most relevant— step in the cal-
culation of the SHDI is to select a probability distribution that
fits in a proper way the monthly streamflow records, as selec-
tion of an inappropriate distribution can impart bias to the
index values, exaggerating or minimizing drought severity
(Sienz et al. 2012). Recent papers focused on comparing dif-
ferent distributions for typical standardized drought indices
like SPI, the Standardized Precipitation-Evapotranspiration
Index (SPEI) or the SSI (Vicente-Serrano et al. 2012; Blain
and Meschiatti 2015; Stagge et al. 2015). Considering that a
probability distribution is no more than an approximation to
the observed streamflow data, this study selected the GA
probability distribution to fit the monthly streamflow records
over SSA. We verified its suitability by using the AD test, one
of the most rigorous and sensitive goodness-of-fit tests to deal
with drought assessments. As an additional requirement, we
considered that significant fits are mandatory in 8 out of
12 months of the year in order to consider the GA distribution
as a proper option. Moreover, after the transformation of the
typically highly skewed distribution of monthly streamflows
into the standard normal distribution, we analyzed if the GA
distribution leads to normally distributed SHDI time series.
From an initial database of 53 stations, the records from 7 of
them were discarded, obtaining a total of 87% of significant
fits that proves the suitability of the GA distribution to repre-
sent monthly streamflows over SSA. It must be considered
that this study was performed considering the SHDI on time
scale of 1 month, i.e., no accumulation of streamflow records.
With longer accumulation periods, the Central Limit Theorem
states that the GA distribution should eventually approach a
normal distribution (Stagge et al. 2015), leading to a probable
increase in the significant fits when considering typical time
scales of accumulation (3, 6, or 12 months), as it was verified
with the SPI (Rivera 2014). A similar percentage of accep-
tances was observed in the case of the normality of the SHDI
series, confirming its appropriateness to quantify streamflow
drought conditions.
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Based on the final 46 SHDI time series, we obtained the
main characteristics of streamflow droughts—number of
drought events, mean duration, and mean severity—over the
1961-2006 period. We found that drought frequency is related
to its duration, given that the basins with more (less) number
of streamflow drought events have short (large) mean dura-
tion. This relationship is an indicator of the different temporal
variabilities that modulate the SHDI time series across SSA,
arising from the different climatic features of the study area.
Low frequency variations are evident in regions where snow-
melt contributes significantly to monthly streamflow totals,
while high frequency variations are relevant in regions where
several synoptic factors affect the annual cycle of precipitation
and its signal in streamflows. These factors are relevant and
need to be considered for a proper regional monitoring of
streamflow droughts. In the case of the severity, we found a
regional pattern that is not related with drought frequency or
its mean duration, leading to hypothesize that the role of the
catchment characteristics is relevant in modulating the
drought intensity.

There has been relatively limited research on the spatial
aspects of hydrological drought (Van Loon 2015). Our results
show that the spatial pattern of streamflow drought character-
istics is not homogeneous, as observed by comparing two of
the months with the higher number of affected stations
(June 1968 with 38 affected stations and December 1999
with 29 affected stations, Fig. 6). For example, just in 6% of
the time, more than 20 stations were affected simultaneously
by streamflow drought conditions of different severity levels,
mostly between 1961 and 1972. This highlights that wide-
spread streamflow drought conditions are not a typical feature
over SSA. In comparison with meteorological drought char-
acteristics, this work showed that streamflow droughts are less
regionally homogeneous, less frequent, and last for longer
time periods than precipitation droughts based on SPI, a result
that is in line with previous findings in Europe (Hisdal and
Tallaksen 2003). This may be associated to the role of the
catchment characteristics in the modulation of the drought
signal from the meteorological to the hydrological deficits, a
topic that deserves further research.

Observed trends in SHDI time series are in line with pre-
cipitation trends, being negative over the headwaters of
Patagonian basins and positive in the rest of the basins.
Mechanisms that contributed to the observed trends in precip-
itation are mainly associated to the observed trend towards a
positive phase of the SAM that resulted in a decrease in pre-
cipitation totals over western Patagonia (Rivera et al. 2017b),
an increase in the annual snow water equivalent after 1977/78
in the headwaters of Colorado Basin as a result of more recur-
rent E1 Nifio events (Masiokas et al. 2006) that also influenced
precipitation patters over LPB (Barros and Silvestri 2002)
leading to an increase in precipitation totals. Nevertheless,
there is a strong non-linear variability in the

hydrometeorological trends over SSA, evident in both
streamflow and precipitation records, that is indicative of a
low-frequency climatic oscillation that modulates the regional
aspects of precipitation in SSA (Rivera and Penalba 2014).
This non-linearity must be considered in regional streamflow
drought monitoring, together with the streamflow drought
characteristics, for an improvement in water use practices
and policies over SSA. The analysis presented in this paper
generated baseline information for climate modeling studies at
basin level, for the assessment of the impact of global
warming in future drought characteristics and for water man-
agers and policymakers as reference to the development of
regional drought mitigation strategies.
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